Cellular energy metabolism depends on two main energy substrates: glucose and fatty acids. The major determinants of the fuel mix oxidized are glucose availability and insulin secretion that both promote glucose oxidation. Fatty acid oxidation occurs mainly when glucose availability is reduced, for instance during the postabsorptive period, or when energy expenditure is increased, for instance during exercise of long duration. When eucaloric diets with high carbohydrate and low fat content are ingested, de novo lipogenesis is stimulated in adults, but the rate of conversion of glucose to fatty acids is low, which means that carbohydrate intake does not have much in¯uence on fat requirements. The lower limit of fat intake depends on three factors: the fat requirement to meet energy needs, the need for essential fatty acids, and the amount of fat in the diet that is necessary to absorb fat-soluble vitamins. The lower limit of fat intake to meet the energy needs of adults is assumed to be between 10 and 15% of dietary energy, provided that enough carbohydrates are available. For adults, the requirement for essential fatty acids is in the range of 3 ± 5% of dietary energy for linoleic acid, and 0.5 ± 1.0% of dietary energy for linolenic acid. Fat energy should not be below 10% of total energy intake in order to ensure an unrestricted absorption of fat-soluble vitamins, particularly vitamins A and E. The recommendations on upper limits of fat intake for adults must take into account the degree of physical activity. International recommendations indicate that active individuals in energy balance may consume up to 35% of their total energy intake as dietary fat, whereas sedentary individuals should not consume more than 30% of their energy from fat. Saturated fatty acids should not exceed 10% of the energy intake.
Introduction
While protein and energy requirements have been studied extensively in humans (Scrimshaw et al, 1972) , the relative contribution of carbohydrates and fats to cover energy needs has received less attention. In many rural communities of developing countries, carbohydrates contribute between 70 and 75% to total energy intake, while fat intake contributes only 12 ± 15% (FAOUN, 1970) . By contrast, the traditional adult Eskimo diet in the last century contained about 7% carbohydrate and 50% fat energy (Bang et al, 1980) . A range of fat intake between 12 and 50% of total energy intake appears to be compatible with a normal body composition and the maintenance of good health in individuals who are adapted to these types of diets and to their environment. This does not imply, however, that these extreme values of fat and carbohydrate intakes can be recommended for adults of developed countries with a sedentary lifestyle.
Lower limit of fat intake in adults
The lower limit of fat intake depends on three factors: the fat requirement to meet energy needs, the need for essential fatty acids, and the amount of fat in the diet that is necessary to absorb the fat soluble vitamins.
Fat requirement to meet energy needs Energy density of food. Since fat is the nutrient with the highest energy density, the fat content of a diet is a major determinant of its caloric density. When fat availability is low, the caloric density of the diet may become too low to maintain energy balance in individuals with a sustained high level of physical activity. For example, a man with a high activity level (2.16basal metabolic rate) living in a rural area of a developing country may expend about 13.8 MJad (3300 kcalad). With dietary fat contributing 15% to energy intake, the energy density of the meals is about 4.2 kJag (1 kcalag). This means that this man would have to eat about 3.3 kg of food per day to maintain energy balance. This example illustrates the fact that when the fat content of food is very low, this may favor the occurrence of an energy de®cit and a loss of body weight in individuals with a high level of physical activity, even if enough of such food is available.
Conditions which stimulate fat oxidation. There are metabolic conditions that stimulate fat oxidation. Acute conditions of stress, such as fasting, severe trauma, sepsis (Wolfe et al, 1983) , and exercise of long duration (Phillips et al, 1996) are characterized by a stimulation of lipolysis, a rise in plasma free fatty acid (FFA) levels, and a stimulation of fat oxidation. Chronic conditions such as obesity and type II diabetes which are described as insulin-resistant states, are also characterized by increased lipolysis, elevated plasma FFA levels in the postabsorptive state, and stimulation of fat oxidation (Golay et al, 1995) .
Control of fat oxidation at the cellular level. It is important to brie¯y describe the relationship between fat and glucose metabolism at the cellular level in order to better understand the control of fat oxidation. Under most circumstances, there is an inverse relationship between the availability of FFA and the rate of glucose oxidation. When plasma FFA levels increase, this favors FFA uptake in muscle, and a competition of FFAs with glucose for oxidation . The enhanced FFA oxidation produces an increased acetylCoAaCoA-SH ratio and a raise in cytoplasmic citrate concentration. The elevated concentration of acetylCoA activates pyruvate dehydrogenase kinase, which phosphorylates and inhibits pyruvate dehydrogenase (PDH). Glucose metabolism is inhibited at two important stages: ®rstly, the increase in cytoplasmic citrate concentration inhibits phosphofructokinase, which results in an increased glucose-6-phosphate concentration; as a consequence, hexokinase is inhibited and ®nally glucose uptake is impaired; and secondly, inhibition of PDH impairs the entry of pyruvate into oxidative metabolism, and therefore contributes to the inhibition of glucose oxidation. In human subjects, acutely elevating the plasma FFA concentration by the infusion of a lipid emulsion during an euglycemic-hyperinsulinemic clamp lowers the rate of glucose infusion necessary to maintain euglycemia. This corresponds to a decreased glucose uptake which is accompanied by an inhibition of glucose oxidation (Thie Âbaud et al, 1982) . It has been shown that the fat-induced defect of glucose metabolism occurs at three stages: (1) a FFA-induced defect in glucose transport or phosphorylation (Boden & Chen, 1995; Roden et al, 1996) ; (2) an inhibition of muscle glycogen synthase activity (Boden et al, 1994) ; and (3) an inhibition of glucose oxidation due to a large increment in acetyl-CoA (Boden et al, 1994) and an inhibition of PDH (Kelley et al, 1993) , which shows that the glucose-fatty acid cycle proposed by in rat hearts, also plays a role in humans (Boden, 1997) . It can be concluded that metabolic situations that stimulate lipolysis and increase plasma FFA levels, favor fat oxidation and decrease carbohydrate oxidation, particularly in insulin-stimulated states. This effect is however of modest magnitude under conditions of everyday life.
In the metabolic competition between glucose and fatty acids as energy sources at the whole body level, glucose availability and insulin secretion play a major role. After meal ingestion, the rise in glycemia stimulates insulin secretion, which inhibits the release of FFA from adipose tissue. As a result, there is a suppression of lipid oxidation by insulin, which is mediated in part by the decrease in FFA plasma levels (Groop et al, 1991) . Insulin stimulates glucose oxidation by enhancing glucose transport in insulin-sensitive cells, by stimulating glycolysis at several stages and by activating pyruvate dehydrogenase. Another mechanism by which glucose and insulin regulate fatty acid oxidation in skeletal muscle is by controlling the rate of entrance of long-chain fatty acids into the mitochondria (Sidossis et al, 1996) . When glucose oxidation is stimulated during a hyperinsulinemic hyperglycemic clamp, the muscle long-chain acylcarnitine concentration decreases (Sidossis et al, 1996) . This indicates that the enzyme carnitine palmitoyl-transferase I (CPTI) is inhibited; insulin increases malonyl-CoA levels by stimulating acetyl-CoA carboxylase (Lopaschuk et al, 1994) . Malonyl-CoA is known to inhibit long-chain fatty acid oxidation at the CPTI step. The increased glucose availability after meal ingestion which stimulates carbohydrate oxidation and inhibits fat oxidation can be considered as a corollary of the Randle glucose-fatty acid cycle.
In summary, cellular energy metabolism has two main energy substrates: glucose and fatty acids. The major determinants of the fuel mix oxidized are glucose availability and insulin secretion which both promote glucose oxidation. Fatty acid oxidation is mainly stimulated when glucose availability is reduced, for instance during fasting, or when glucose becomes insuf®cient to meet cellular metabolic demand, for instance during exercise of long duration.
To what extent does de novo lipogenesis contribute to fat metabolism? In order to assess the minimal fat requirement for adults, it is important to know the capacity of humans to convert carbohydrate to fat. The acetyl-CoA synthetase and fatty acid synthetase complexes are found both in the liver and in adipose tissue (Aarsland et al, 1997) . Under conditions of energy balance, de novo lipogenesis is assumed to be a process of minimal physiologic signi®cance (Acheson et al, 1987) . After a single carbohydrate-rich meal only 1 ± 2% of the palmitate of the verylow-density-lipoprotein (VLDL) triacylglycerol-bound fatty acids (TGFAs) is derived from de novo synthesis (Hellerstein et al, 1991a,b) . When eucaloric high-carbohydrate, low-fat diets are ingested, de novo lipogenesis is stimulated in human adults, but the rate of conversion of glucose to fatty acids remains low, in the order of 12 g triacylglycerol palmitate synthesized per day (Hudgins et al, 1996) . It is of interest that fatty acid synthesis is less stimulated when starch or complex carbohydrates are substituted for simple sugars or short-chain glucose polymers (Hudgins, 1995) .
Under conditions of massive carbohydrate overfeeding, de novo lipogenesis becomes important. After 4 d of carbohydrate overfeeding, about 170 g fatad was synthesized by the subjects (Aarsland et al, 1997), but only 2% of whole-body fat synthesis ( $ 3 g fatad) were accounted for by hepatic lipogenesis. Other tissues, most likely adipose tissue, play a major role when excess carbohydrate energy is converted into fat.
Is it possible to completely suppress fat oxidation? The addition of surplus carbohydrate (CHO) energy to a mixed diet results in nearly complete replacement of fat by carbohydrate oxidation (Acheson et al, 1985; Acheson et al 1988) . Stimulation of CHO oxidation after high-CHO meals results from increases in plasma glucose and insulin concentrations, which suppress the oxidation of fat. The source of CHO oxidized in the post-absorptive state on surplus CHO diets is both an increase in hepatic glucose production and an utilization of intracellular CHO stores (Schwarz et al, 1995) . Therefore, it is possible to suppress fat oxidation almost completely by an excess of dietary carbohydrate. This condition, however, is arti®cial, since it requires carbohydrate overfeeding. People do not spontaneously eat such large amounts of carbohydrate, because such bulky food induces satiation and limits the energy intake. In addition, dietary carbohydrates have a greater satiating capacity than fats (Blundell et al, 1996) .
Assessment of the lower limit of fat energy intake in adults. An indirect way to assess minimum fat requirements in humans is the study of fat balance in individuals with a low habitual fat intake. During the pre-harvest season, most adults living in a rural area of The Gambia lose 2 ± 3 kg body weight. The percentage of fat energy in the diet eaten in this community has been estimated from weighed food intake records to be 15% and 26% for the pre-harvest and harvest seasons respectively. Since the types of activities the women farmers are normally engaged in during agricultural work require fat oxidation, we hypothesized that fat oxidation may not be equated by fat intake, a process that would lead to depletion of body fat stores.
In a ®rst study in which we measured energy expenditure and substrate oxidation during 8 h in a whole-body calorimeter in 10 non-pregnant, non-lactating Gambian women during a hungry season and a harvest season, we concluded that 15% fat energy in the diet was too low to maintain fat balance. We calculated that a net mobilization of 50 g fat per day from adipose tissue was needed (Sonko et al, 1994) . This ®gure is however only a rough estimate of the 24 h fat balance because fat oxidation during the 16 h of rest and sleep was not measured but was derived from an existing database obtained in similar women and using the same calorimeter. The interesting conclusion was that the fat de®cit was not much in¯uenced by the uncertainty concerning the amount of low-fat food consumed by the women in everyday life. By contrast, during the harvest period, the diet contained about 26% fat energy which was suf®cient to reach fat (and energy) balance.
In a more recent study (AM Prentice, personal communication), carried out in 10 non-pregnant non-lactating Gambian women, we were able to measure energy expenditure and substrate oxidation during 22.5 h in a wholebody indirect calorimeter under various conditions of fat intake and physical activity. The results of this study showed that the women were able to reach fat balance even with a low-fat (18% fat energy) diet and a high level of physical activity (225 min at 36basal metabolic rate). These results indicate that these women were able to cover about 70% of their energy needs from carbohydrate oxidation.
The overall conclusion of these studies and of the above mentioned metabolic relationships between carbohydrate and fat metabolism is that the fuel selection is mainly determined by the carbohydrate content of the diet. If enough carbohydrate is ingested, it can prevent fat oxidation. To my knowledge, there is no convincing evidence of a speci®c need for fat energy which cannot be met by carbohydrate. This explains why long-term energy balance can be maintained in communities with a very low fat intake. The lower limit of fat intake in adults to meet energy needs is therefore dif®cult to assess. It may be between 10 and 15% fat energy, provided that enough carbohydrates are available.
The requirement of essential fatty acids
The importance of n-6 and n-3 polyunsaturated fatty acids (PUFA) as essential constituents of the human diet is well established. PUFA of the n-6 series, speci®cally arachidonic acid (AA, 20:4,n-6) is essential for many functions such as the synthesis of eicosanoids by the action of cycloxygenase and lipoxygenase. AA is either consumed in the diet or formed within the body from linoleic acid (LA, 18:2,n-6). LA is abundant in vegetable oils such as maize, sunower, saf¯ower and rapeseed oils (Sargent, 1997) .
The long-chain n-3 PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are also essential for many functions, and they can be provided by the diet or produced in the body from linolenic acid (LNA, 18:3,n-3).
linoleni id 3 eiospentenoi id 3 dooshexenoi id IV X QY n À Q 3 PH X SY n À Q 3 PP X TY n À Q LNA is abundant in green leafy vegetables, in linseed oil and in ®sh. The marine ®sh oils are rich sources of EPA and DHA (n-3 PUFAs). It is of interest that the enzymatic conversion of 18:2,n-6 to 20:4,n-6 within the body competes with the conversion of 18:3,n-3 to 20:5,n-3 and 22:6,n-3. Therefore, a diet rich in 18:2,n-6 and poor in 18;3,n-3 induces the synthesis of an excess of AA and a relative de®ciency in EPA and DHA. An excess of AA may produce an excess of eicosanoids such as prostaglandins and leukotrienes. By contrast, the production of these eicosanoids, which are often involved in stress-related disorders, are normally depressed by EPA. It is also important to mention that DHA is essential for an optimal development of the brain and the eye, and particularly premature infants fed on formula feeds need DHA for visual and cognitive development (Sargent, 1997) .
The practical question with regard to the requirements of PUFAs is to determine the optimal dietary n-6 PUFA:n-3 PUFA ratio. Most expert committees propose a ratio of about 5:1. Adults can convert the 18:2,n-6 and 18:3,n-3 fatty acids ef®ciently into their C20 and C22 homologues. Therefore, AA and DHA are not considered essential dietary constituents of the adult diet, whereas most experts recommend to supplement formula feeds for premature infants with AA and DHA Makrides et al, 1996) .
For adults, the recommended dietary intakes for linoleic acid (18:2,n-6) are about 3 ± 5% of dietary energy (FAOa-WHO, 1993) , and for linolenic acid (18:3,n-3) 0.5 ± 1.0% of dietary energy (Arbuckle et al, 1994) . It is dif®cult to recommend the amount of fat which is necessary to meet the essential fatty acid requirements, because this amount depends on the speci®c oil or fat content of the diet.
The requirement of fat that is necessary to absorb the fatsoluble vitamins The digestion and absorption of fat-soluble provitamins or vitamins are associated with lipid absorption. They are dependent on bile acids secreted by the liver to be solubilized, and esters of vitamins are hydrolyzed by pancreatic esterases and intestinal mucosal esterases before absorption. The delivery of bile acids and the secretion of esterases into the duodenum are stimulated by dietary fat. Furthermore, inside the enterocyte, fat-soluble vitamins are incorporated into chylomicrons which are transported via mesenteric lymphatics and the thoracic duct into the systemic circulation. Chylomicrons contain products of dietary lipid digestion and apolipoproteins produced by intestinal cells. Therefore all stages of fat-soluble vitamin absorption and transport to tissues are linked to the absorption and transport of dietary fat.
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The absorption ef®ciency of fat-soluble vitamins depends on the fat content of the diets. It is assumed, but not proven, that fat energy should not be below 10% of total energy intake in order to ensure an unrestricted absorption of fat-soluble vitamins, particularly of vitamins A and E. Obviously, the origin of dietary fat is important to cover fat-soluble vitamin requirements; animal products are the main source of fat-soluble vitamins, although provitamin A carotenoids are mainly of vegetable origin.
Recommended fat intake for adults
Fats are major nutrients and contain essential components of the human diet. It is well documented that high-fat diets, which are more energy-dense than low-fat diets, increase the risk of over-consumption of energy and play an important role in the development of human obesity. In combination with a low physical activity level, diets containing 40% of energy or more as fat induce positive energy balance. Increasing the fat content of a diet does not promote fat oxidation, but mainly favors fat storage in adipose tissue (Schutz et al, 1989; Je Âquier et al, 1993) . Most epidemiological studies show that body weight is positively correlated with fat, not with carbohydrate intake . Furthermore, a relatively low satiating effect of fat could be involved in the development of obesity (Rolls et al, 1994) . Obesity increases the risk of cardiovascular disease, at least in part, by increasing blood cholesterol levels and by rising blood pressure.
It is well established that saturated fatty acids of 12 ± 16 C-chain length increase LDL and HDL-cholesterol concentrations in the blood, and the LDL:HDL ratio, the latter is known to represent an increased risk of cardiovascular disease (Wiseman, 1997) . Linoleic acid tends to decrease LDL-cholesterol levels, while oleic acid is essentially neutral in respect to cholesterol plasma levels (Grundy, 1994) . Excessive fat intake, particularly of fat with saturated fatty acids, is associated with increased risk of cardiovascular disease, and epidemiological data show that the prevalence of obesity has been increasing in many countries over the last decade in spite of efforts to decrease energy and fat intake (Seidell, 1995; Seidell, 1997) . It is commonly assumed that the chronic positive energy balance leading to obesity results from excess energy intake and low levels of physical activity; the practical implication of several epidemiological studies is that reduction in energy expenditure is the main factor for the increase in the prevalence of obesity.
The recommendations on upper limits of fat intake for adults must take into account the degree of physical activity. International recommendations indicate that active individuals who are in energy balance may consume up to 35% of their total energy intake from dietary fat; in addition, the saturated fatty acids should not exceed 10% of the energy intake. Sedentary individuals should consume no more than 30% of their energy from fat (FAOaWHO, 1993) . Several organizations (AHA, 1982; The Committee, 1982; Panel, 1993 ) recommend a fat intake below 30% of total energy intake for disease prevention. In these diets, carbohydrate replaces the energy from fat, creating the risk for inducing a rise in plasma triacylglycerol by an increased hepatic secretion of very-low-density-lipoprotein (VLDL) triacylglcyerols andaor a decrease in the catabolic rate of VLDL triacylglycerols (Blades & Garg, 1995 ). The question then arises as to whether a low-fat diet, which is necessarily relatively high in carbohydrate, may itself lead to adverse changes in blood lipids.
Most studies on the effects of high-carbohydrate diets (b 55% of energy from CHO) on plasma lipids show a rise in fasting plasma triacylglycerol concentrations mainly re¯ecting an increase in VLDL-triacylglycerol concentration (Frayn & Kingman, 1995) . The effects of a high-CHO, lowfat diet on plasma lipid concentration (increased fasting plasma triacylglycerol, and decreased HDL-cholesterol concentrations) appear to be mainly mediated by increased sucrose and fructose intake (Coulston et al, 1983; Hudgins et al, 1995) . The fatty acid preferentially formed by mammalian fatty acid synthase is the saturated fatty acid palmitate (16:0) (Hudgins et al, 1996) . Therefore, when de novo lipogenesis is stimulated following ingestion of a high carbohydrate diet rich in sucrose and fructose, it would be important to know whether increased de novo synthesis of saturated fat contributes to the fatty acid patterns associated with an increased risk of cardiovascular disease. It is reasonable to recommend that the increase in the CHO content of a high-CHO, low-fat diet, should not consist of simple sugars or short-chain glucose polymers, but mostly of starch or complex carbohydrates. The reasons why simple sugars stimulate fatty acid synthesis more than starch are not completely understood. When sucrose or fructose is ingested, the direct uptake of the fructose molecule and rapid phosphorylation by the liver may explain why fatty acid synthesis is stimulated (Schwarz et al, 1993) .
Conclusions
The minimum fat requirement of adults is dif®cult to de®ne because very few studies have addressed this question. Metabolic fuel selection for energy production within cells is strongly in¯uenced by carbohydrate availability and insulin secretion. Energy needs can be mainly covered by carbohydrate oxidation. Whereas proteins always contribute to energy production, lipid oxidation becomes negligible during carbohydrate overfeeding. It is therefore dif®cult to recommend a minimum fat intake for energy production when enough carbohydrate is available to cover energy requirements. By contrast, fat is required to cover the essential fatty acid needs and to insure intestinal absorption of fat-soluble vitamins. For most adults, dietary fat should supply at least 15% of their energy intake. Women of reproductive age should consume at least 20% of their energy from fat (FAOaWHO, 1993) . Upper limits of dietary fat intake should be around 35% of total energy intake for active individuals. The intake of saturated fatty acids should be less than 10% of total energy; the intake of linoleic acid should provide between 3 and 5% and the intake of linolenic acid between 0.5 and 1% of dietary energy. Contribution of 500 g naturally labeled
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Introduction
In considering the lower limits of acceptable fat intake Je Âquier's paper lists three criteria which must be met: (a) suf®cient fat intake to meet energy needs; (b) the adequate supply of essential fatty acids; and (c) the adequate absorption of fat soluble vitamins (Je Âquier, 1999) . He concludes that the lower physiological limit is around 10% of dietary energy. The upper limits have not been critically examined. Instead it is accepted that the upper limits of desirable intake are in¯u-enced more by the long-term health implications of excess fat intakes with respect to chronic diseases and cancers (especially of saturated fat) than any short-term inability to metabolise high intakes. Therefore, Je Âquier quotes the widely accepted targets of not more than 30% dietary energy for total fat intake (up to 35% in active individuals) and 10% dietary energy for saturated fat (Je Âquier, 1999) .
The following discussion will focus mostly on the lower limit of acceptable intakes, since the health risks of high intakes have been reviewed in detail elsewhere and lie outside the domain of`limits of adaptation' covered by the current workshop. However, some comments will be made with regard to high fat intakes and the upward displacement of energy balance leading to weight gain.
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Lower limits of acceptable fat intake Essential fatty acid (EFA) supply. Je Âquier reminds us that the requirement for linoleic acid is usually accepted to be in the range 3 ± 5%, and for linolenic acid 0.5 ± 1.0%, of dietary energy (FAOaWHO, 1994) . Uauy has reviewed these EFA requirements for adults elsewhere in these proceedings, and emphasises that it is most unlikely that the need for EFAs will constitute the limiting criteria governing minimum fat requirements (Uauy, 1999) . It was only in 1971 that the ®rst unequivocal case of adult EFA de®ciency was described in a patient with only 60 cm of bowel who had received 100 d fat-free intravenous feeding (Collins et al, 1971) . Other cases have only been reported from patients receiving long-term fat-free i.v. feeding (Paulsrud et al, 1972; Richardson & Sgoutas, 1975) . Furthermore it is vegetable oils and cereals which provide the main intake of EFAs (even in af¯uent Western diets). Therefore diets which are very low in fat are likely to have proportionately high concentrations of EFAs since they are usually associated with a high cereal intake (Drewnowski & Popkin, 1997) .
Absorption of fat-soluble vitamins. Although dietary fat undoubtedly facilitates the absorption of fat-soluble vitamins by the mechanisms described in Je Âquier's paper, it appears that fat intakes would have to be exceedingly low in order to seriously impair uptake. Recent reviews on the bioavailability of vitamin A (Biesalski, 1997 ), vitamin D (van-den-Berg, 1997 , vitamin E (Cohn, 1997) and carotenoids (Parker, 1997) discuss the need for suf®cient bulk lipid for solubilisation and stimulation of chyclomicron synthesis, but none raise the issue of low fat intakes as possible rate limiting determinants of overall absorption ef®ciency. Underwood (1974) has estimated that 5% dietary energy from fat would be suf®cient to enhance absorption in most diets. This is therefore unlikely to be a limiting factor. However, there are two recent developments which may in¯uence this argument. Paradoxically they apply to af¯u-ent populations rather than to traditional societies. The ®rst relates to Olestra and other analogous non-absorbable fat substitutes (Gershoff, 1995) . There is concern that these developments in food engineering could allow some obsessive individuals to select diets which are extremely low in fat particularly during periods of intentional weight loss. The second relates to lipase inhibitors marketed as pharmacologic anti-obesity agents (Drent & van-der-Veen, 1993) . Both of these cause marked deterioration in biochemical measures of fat-soluble vitamin status, but this is probably mediated more by the scouring effect of unabsorbed fat passing completely through the digestive tract and taking absorbed vitamins with it, than by low levels of fat absorption per se (Daher et al, 1997) . It therefore does not directly relate to the issue of lower limits of acceptable fat intake.
Fat requirements to meet energy needs. In describing the interplay between the two main energy substrates, glucose and fatty acids, Je Âquier (1999) summarises the classic glucose-fatty acid' cycle of and outlines in some detail the mechanisms by which elevated fatty acid levels may down-regulate glucose uptake and oxidation. He concludes however that this effect is of modest amplitude under conditions of everyday life, and that glucose availability and insulin secretion play a more major role in directing the metabolic competition between glucose and fatty acids. Wolfe (1998) goes further than this and has synthesised a detailed argument based on a series of experiments which show that the glucose-fatty acid cycle primarily operates in the reverse direction to that initially proposed by Randle. The signi®cance of this is that the dietary supply of triglyceride actually has very little impact on fuel selection under almost all conditions. This agrees with our own experimental data from numerous studies using whole-body indirect calorimetry from which we have developed the concept of the`oxidative hierarchy' (Prentice, 1995) . This accurately predicts proportional fuel selection on the basis of metabolic reactivity which in turn is governed by the body's storage capacity for each of the major energy-yielding fuels. We have repeatedly shown that fat occupies the bottom of the oxidative hierarchy and therefore exerts virtually no auto-regulatory feedback control on its own rate of oxidation (Prentice, 1995; Jebb et al, 1996) . Therefore fat oxidation rates, and hence`requirements', are governed by total energy expenditure and by the availability of the other macronutrients above fat in the hierarchy.
Experiments in which we have manipulated fat and carbohydrate intakes over virtually as wide a range as is possible using real foods, demonstrate a remarkable plasticity in human fuel selection (Jebb et al, 1996; Shetty et al, 1994) . Figure 1 shows 24 h fat oxidation rates in adult men in response to isoenergetic manipulation of fat intakes from 79% energy (250 gad) down to just 9% energy (28 gad) (Shetty et al, 1994) . Measurements of fuel selection showed that it was modi®ed to maintain macronutrient balance with evidence for the anticipated inducible response provided by the fact that the Day 2 oxidation rates more closely matched the corresponding intakes. On this second day fat oxidation averaged 195 g on the high-fat diet (69% of energy expenditure) and only 45 g on the lowfat diet (16% of energy expenditure); a range of over 4-fold achieved with only 1 d adaptation. We have demonstrated that these changes in fuel selection are driven by the Figure 1 Autoregulation of fat oxidation to match intake. Data are 24 h oxidation rates measured by whole-body calorimetry in six lean men on diets manipulated at the start of Day 1. Arrows indicate fat intake. Redrawn from Shetty et al (1994) .
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reciprocal alterations in carbohydrate oxidation (Prentice, 1995) .
In the context of determining lower limits of acceptable fat intake this raises the question as to whether fat oxidation can ever be completely suppressed. Here it is necessary to be clear in the distinction between net and gross balances. In net terms it is clearly all too easy to have circumstances where fat accrual exceeds fat oxidation, but these conditions operate at the high end of intakes. For the current discussion we are interested in the lower limits of adaptation in fat oxidation rates. Je Âquier cites Acheson's experiments demonstrating that very high carbohydrate intakes are associated with RER values in excess of 1.0 indicative of net fat synthesis . Elsewhere in these proceedings Hellerstein reviews this area in depth (Hellerstein, 1999) . However, again these are of limited applicability since carbohydrate is supplied in great excess. The real question is whether the low fat intakes seen in some developing country diets ever create conditions in which fat becomes a limiting nutrient in its own right.
In our studies in Gambia, conducted in partnership with Professor Je Âquier's team from Lausanne, we hypothesised that fat may become limiting under the extreme conditions of seasonally low fat availability ( $ 18% by energy) and very high levels of work output during the farming season (total energy expenditure is $ 26BMR). Since these conditions occur when total food intake is already limited by food shortages, de novo fat synthesis would be a metabolically undesirable option since it incurs approximately 25% wastage of carbohydrate energy, and the possible obligate need for fat to sustain the long periods of moderate intensity work might drive body fat mobilisation irrespective of the state of energy balance. Je Âquier's paper summarises the salient ®ndings illustrated here in Figure 2 . The key feature is that on the low-fat (highcarbohydrate) diets fat oxidation rates were suppressed to closely match intake, and that in these habitually carbohydrate-adapted subjects they failed to oxidise the high levels of fat when intake was raised for the single experimental day.
In the above experiments with isoenergetic fat-to-carbohydrate manipulations, fat oxidation rates have been observed as low as 16% of total energy expenditure. It is unknown whether this represents the lower limit under conditions other than when fat oxidation is intentionally suppressed by hyperalimentation with carbohydrate (Wolfe et al, 1979) . Therefore it remains possible that diets in which fat contributes less than 15% energy could create conditions in which fat intake was below the limit of adaptation in fuel selection and would thus necessitate fat synthesis with its incumbent inef®ciency. Do these conditions exist in any populations or within any particular population subgroups? Figure 3 shows 1989 FAO data for fat availability per capita as a function of GNP (FAOaWHO, 1994) . In the very poorest countries total fat availability is about 35 gad representing about 15% dietary energy. However, a slightly different analysis summarised in Table 1 indicates that nine countries with a total population of close to 300 million people have per capita intakes`30 gad representing a mean fat energy ratio of only 10% (FAOaWHO, 1994) . Therefore there is some uncertainty over low intakes. However the existence of ultra-low fat intakes appears to becoming much less likely with the current trends in global food supply. Figure 4 shows FAO data for the changes in % fat energy between 1961 and 1990 (FAOaWHO, 1994 . Those countries with intakes which were previously below the WHO lower limit of 15% are now above this limit. This trend in average per capita intakes will tend to pull up the intakes even of the lower consumers as shown in Figure 5 which illustrates the marked reduction in low fat consumers that is occurring in China during the modernisation era (Drewnowski & Popkin, 1997) .
Upper limits of acceptable fat intake As indicated in the introduction, the issues relating to the potential links between high fat intakes and chronic diseases of af¯uence are largely outside the scope of this workshop and have been touched upon in Je Âquier's paper. However, the issue of obesity was not raised, and certainly merits discussion in view of the developing epidemic of obesity in many af¯uent countries.
The links between dietary fat consumption and obesity seem self-evident to many observers, but are challenged by others. The thesis that a high proportion of dietary energy derived from fat represents a risk factor for obesity is based on a combination of epidemiological and physiological evidence.
At the simplest level there is no doubt that as nations become increasingly af¯uent there is an increase in per capita fat consumption (Figure 3 ) which is generally associated with increasing obesity (Drewnowski & Popkin, 1997) . However, such relationships may be confounded by secular trends in physical activity (Prentice & Jebb, 1995) . It is also argued that in the USA there has been a pronounced decline in fat% energy of the diet in the past decade, but that this has had no impact on escalating Figure 2 Modulation of fat oxidation rates by diet and activity in rural Gambian women. Data are 22.5 h oxidation rates measured by whole-body calorimetry in 10 rural Gambian women on protocols of highalow activity and highalow fat intakes. Unpublished data from BJ Sonko. obesity rates (Willett, 1997 (Willett, , 1998 Katan et al, 1997; . Attempts to make cross-sectional comparisons of the diets of lean and obese people are fraught with dif®culty due to the now well-documented fact of dietary underreporting by obese people (Prentice et al, 1986; Black et al, 1993; Lichtman et al, 1992) , and the likelihood that this is often macronutrient speci®c (Poppitt et al, 1999; . However, in spite of the fact that overweight and obese people might be expected to preferentially under-report fat there are numerous studies revealing a positive association between dietary fat% energy and body mass index (see review by Hill and Prentice, 1995) . Perhaps the most powerful of these is a study of 11 500 adults from Scotland who were divided into quintiles based on the fat:carbohydrate ratio of their self-recorded diet. In men there was a 4-fold greater prevalence of obesity in the top ®fth than in the lowest ®fth (Bolton-Smith & Woodward, 1994). In women the gradient was only 2-fold, but was still highly signi®cant.
These epidemiological data are underpinned by plausible physiological and behavioural mechanisms showing that human metabolism is rather poorly designed to detect an excess of fat (and hence energy) intake and to institute its own corrective adjustments. The exceptional position of fat at the base of the oxidative hierarchy, and the consequent absence of auto-regulation in oxidative fuel selection, has been discussed above. Additionally, we and others have repeatedly observed high-fat hyperphagia in experiments in which the fat contents of apparently identical diets are covertly manipulated (Stubbs et al, 1995a, b; Kendall et al, 1991; Lissner et al, 1987) . Subsequent experiments have shown that this is a consequence of the high energy density of high-fat diets rather than being a speci®c attribute of fat itself (Poppitt et al, 1999) .
In the context of the current discussion of upper limits to fat intake the latter ®nding might be viewed as invalidating any limits to fat% energy. However, in practice it does not since the fat content of diets is highly correlated with energy density (Prentice & Poppitt, 1996) , and since all high-fat diets will also be of high energy density. The fact that the reverse is not necessarily true (that is, not all lower fat diets are of low energy density) may provide a partial explanation for the fact that obesity rates do not seem to be levelling off in spite of apparent reductions in average fat % energy of diets in the USA. Many processed food products now labelled as`low fat' have been engineered so that they retain a very high energy density deemed to be critical to customer acceptance.
Although many of the above experiments reveal a close titration between fat% energy of diets and voluntary energy consumption (and hence energy balance) it is not possible to interpolate from such data an upper acceptable limit of fat intake to avoid obesity. The reasons are threefold: ®rstly, there is an important interaction between fat% energy and level of physical activity in determining energy balance; secondly, there is a strong modulating in¯uence from the palatability of foods; and thirdly, there Acceptable fat intake in adults E Je Âquier
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are powerful effects from other environmental in¯uences and behavioural traits. The most that can be said with any degree of authority is that people who habitually select a high-fat diet are most likely to be in long-term positive energy balance.
Conclusions
The arguments outlined by Je Âquier, and expanded upon above, lead to the conclusion that it is dif®cult, and probably unhelpful, to stipulate precise upper or lower limits to fat intake in diets. At the metabolic level this arises from the impressive plasticity in fuel selection in response to altered fuel supply, and from the fact that almost all human diets probably contain suf®cient fat to meet EFA requirements and to facilitate the absorption of fat soluble vitamins. At the upper limit, recommendations are driven by health (rather than metabolic) constraints, and even attempts to promote broad fat-lowering recommendations are now being increasingly challenged in favour of a greater emphasis on the type of fats consumed (Katan et al, 1997) . This debate is only just beginning to gather momentum, but is already attacking many of the pillars upon which low-fat advice has been built.
